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In his landmark work on the pollination biology of South African plants in 1954, Stefan Vogel described the deposition of Habenaria
epipactidea (= H. polyphylla) pollinaria on the forelegs of the hawkmoth Hippotion celerio. The discovery of a large, well-pollinated population
of H. epipactidea in the Eastern Cape allowed us to confirm the presence of this unusual pollen placement on a number of species of shorter-
tongued hawkmoths. The long-tongued species Agrius convolvuli is likely to function as a nectar thief as the length of the tongue of this species
relative to the nectar spur ensures that the forelegs are unlikely to come into contact with the viscidia. The legitimate hawkmoth pollinators
removed a large proportion of pollinaria from the flowers and the majority of flowers had pollen deposited on their stigmas. Despite this, pollen
transfer efficiency was relatively low at 8.4%. We also examined the scent production of H. epipactidea and show that volatile production
increases markedly after 18:00, peaking at around 20:00. The scent of this species is dominated by methyl benzoate which makes up 99.4% of the
floral scent at 20:00. The osmophores are located on the lateral petals and labellum, confirming Vogel's observations in the Soutpansberg
(Zoutpansberg).
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I had the opportunity to observe the accomplished flyer
Hippotion celerio visiting the sphingophilous Habenaria
polyphylla [= H. epipactidea] (Orchidaceae). Our native
[European] hawkmoths fold their forelegs backwards
together with the other extremities while approaching a
flower, so that only the head and tongue comes into contact
with the floral organs. However, the Hippotion observed in
the Transvaal stretches its forelegs straight to the front
while drinking in hovering flight. While drinking, it lays its
forelegs on the left and right hand margins of the large,⁎ Corresponding author. Tel.: +27 46 6038598.
E-mail address: c.peter@ru.ac.za (C.I. Peter).
0254-6299/$ - see front matter © 2009 SAAB. Published by Elsevier B.V. All righ
doi:10.1016/j.sajb.2009.08.007triangular rostellum of the flower. This is exactly where the
glandulae [viscidia] of the pollinia are located. The moth
thus loads the pollinia on its tarsi while slipping off the
smooth rostellum margin. Without this anomalous habit of
the visiting hawkmoth, it is likely that Habernaria polyphylla
would not be pollinated at all. Here we can see a special
correspondence between flower and moth. Stefan Vogel
(1954, pg 74 & 75, translated)
Moths are important pollinators of numerous specialised
angiosperm flowers (Faegri and Van der Pijl, 1966; Proctor et al.,
1996). The nocturnal behaviour of most moths together with their
highmetabolism and relatively long tongues predicates thatmoth-
pollinated flowers typically have pale colours, are strongly
scented at night and have relatively long slender corolla tubes
concealing the abundant and relatively concentrated nectar (Van
der Pijl, 1961; Faegri and Van der Pijl, 1966).ts reserved.
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generally recognised to entail slightly different floral traits
from most other moth-pollinated species due to the greater
length of hawkmoth tongues and the fact that these insects hover
in front of the flowers that they are probing for nectar rather than
alighting on them (Van der Pijl, 1961). This hovering flight
requires very high metabolic rates and the properties of the
nectar in hawkmoth-pollinated flowers may thus be different to
that of flowers pollinated by settling moths (Proctor et al., 1996).
There is also evidence that the composition of floral scents of
hawkmoth-pollinated flowers are different to those pollinated by
settling moths (Knudsen and Tollsten, 1993), and settling moth-
pollinated flowers often have drab green flowers with relatively
short corolla tubes, in contrast to the trend for white, relatively
long-tubed flowers in hawkmoth-pollinated plants (Van der Pijl,
1961).
Hawkmoths are important pollinators of angiosperms in both
tropical and temperate parts of the globe, as well as in the South
African flora (e.g. Johnson and Liltved, 1997; Luyt and Johnson,
2001; Alexandersson and Johnson, 2002; Manning and Snijman,
2002; Johnson et al., 2004), and are important pollinators of a
number of orchid species (e.g. Nilsson, 1978; Nilsson et al., 1987;
Nilsson and Rabakonandrianina, 1988; Nilsson et al., 1992;
Johnson and Liltved, 1997; Wasserthal and Wasserthal, 1997;
Luyt and Johnson, 2001; Johnson et al., 2005). Peter (2009) used
the surveys of Van der Cingel (1995, 2001) and subsequent peer-
reviewed papers to estimate the relative importance of different
animal pollinators in the Orchidaceae. Generalist settling moths
are recorded as pollinators of 3.6% of the 885 cross-pollinating
orchid species for which pollinators are known, while hawkmoths
pollinate 3.1%, placing settling moths and hawkmoths as the 5th
and 6th most important pollinators of orchids behind bees, wasps,
flies and birds.
Habenariinae are a large, pantropical subtribe of the
Orchidoideae (Orchidaceae) comprising over 900 mostly
terrestrial species (Dressler, 1993). Dressler (1993) considered
Lepidoptera (both moths and butterflies) to be the most likely
pollinators of Habenaria, by far the largest genus in the subtribe
with over 600 species, but relatively few studies have examined
the pollination biology of these orchids. The handful of
published studies confirm that settling moth and hawkmoth
pollination in the Habenariinae is probably widespread (Nilsson
and Jonsson, 1985; Nilsson et al., 1992; Johnson and Liltved,
1997; Singer and Cocucci, 1997; Singer, 2001; Singer et al.,
2007), although mosquitoes (Diptera: Culicidae) and Tipulid
crane flies (Diptera: Tipulidae) may contribute to the pollination
of a few species (Thien and Utech, 1970; Singer, 2001), and the
unusual Herminium monorchis is pollinated by a wide range of
minute flies and hymenoptera (Nilsson, 1979). In most of the
moth-pollinated species in this sub-tribe, pollinaria are attached
to the eyes of moths (Nilsson and Jonsson, 1985; Nilsson et al.,
1992; Johnson and Liltved, 1997; Singer and Cocucci, 1997;
Singer et al., 2007), while in one species the pollinaria are
attached to the proboscides of the pollinating insects (Singer,
2001).
Stefan Vogel (1954), in his pioneering study of the polli-
nation biology of South African plants, used Habenariaepipactidea (identified as H. polyphylla) as an example both
of moth-pollination in general and of hawkmoth-pollination in
particular, based on the relatively long nectar-filled spur, pale
coloured flowers and strong nocturnal scent. He also caught an
individual of the hawkmoth Hippotion celerio, which bore a
number of pollinaria of H. epipactidea on each of its forelegs.
The discovery of a large well-pollinated population of H.
epipactidea allowed us to re-examine Vogel's observations with
the aim of testing, with a larger sample of pollinators, whether
attachment to the legs of hawkmoths is indeed the primarymeans of
pollinarium transport in this species. Vogel (1954) also noted the
sudden commencement of scent emission at 18:00. We quantita-
tively investigated scent production of the flowers between midday
and midnight as well as the site of scent production, which Vogel
suggested to be the lateral petals. Finally we examined the
efficiency with which moths move pollen between individual
plants in the population.
2. Methods
2.1. Study site
Research was conducted on the large population ofHabenaria
epipactidea growing in Suurberg Quartzite Fynbos (Mucina and
Rutherford, 2006) along the road verge of theminor road between
Coombs View and Kap River Nature Reserve east of the Bathurst
State Forest and approximately 33 km due east of Grahamstown
in the Eastern Cape Province, South Africa. Observations were
conducted by between two and thirteen people on three separate
evenings (26 and 28 February 2008 and 6 March 2008), repre-
senting a total of 9 h (66 person h) spent observing pollinators
visiting inflorescences.
2.2. Study species
Habenaria epipactidea (= H. polyphylla; Orchidaceae) is a
widespread terrestrial orchid, found in savannas and grasslands
from near sea level to 2400 m throughout eastern South Africa
and extending north into tropical east Africa (Linder and
Kurzweil, 1999). The pale green to white flowers are charac-
terized by rounded, almost orbicular entire petals and a long
slender labellum with filamentous side lobes. The large, tri-
angular rostellum above the opening to the slender nectar spur is
distinctive with the viscidia well separated at either of the lower
corners of the rostellum and the anther sacs containing the
pollinaria concealed behind the rostellum. The stigma is divided
into two lobes situated on either side of the opening to the spur.
The lengths of the spurs of a number of flowers from different
individuals were measured from the opening of the spur to its
tip.
2.3. Pollinators
Observers were stationed throughout the population and
used low power torches later in the evening (most moths did not
appear to respond adversely to this illumination). A light trap
was set up 50 m from the study plants. All large, long-tongued
Table 1




Basiotha medea 23.1±0.5 (7) 1 of 1
Basiotha schenki 40.5±0.5 (3) 1 of 2
Hippotion celerio 36.9±0.5 (24) 1 of 9
Oligographa juniperi 43.5±2.8 (3) 2 0f 3
Agrius convoluli 81.4±5.6 (7) 0 of 1
Cucullia extricata
(Cuculliinae, Noctuidae)
31.0±0.5 (5) 1 of 13
Mean spur
length±1SE (n)
Habenaria epipactidea 29.5±0.4 (8)
a Includes specimens from Grahamstown to increase sample size.
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were caught and examined for pollinaria. People were stationed
at the light trap to catch hawkmoths on the wing that were
attracted to the light trap as these insects are frequently attracted
to the vicinity of the trap but not caught.
Collected moths were killed quickly by injecting a small
amount of ethyl acetate (ca. 0.02 ml) directly into the thorax.
The tongue length of fresh moths was measured with electronic
callipers and the moths then mounted for identification. Because
of the small number of individuals of each species collected at
the study site, we augmented our hawkmoth tongue length data
with additional measurements made from moths collected in
Grahamstown over the last three years. Voucher specimens are
lodged at the Entomology Department of the Albany Museum,
Grahamstown (AMGS).
2.4. Scent
Three plants, including their root stock, were carefully
excavated in the field mid morning and transferred to the garden
of the Department of Botany, Rhodes University. Tubers and
rootstock were kept damp throughout scent collection. Scent
samples were collected from these inflorescences at midday,
17:00, 20:00 and 23:00 for 30 min. Flowers were enclosed in
polyacetate bags and headspace samples drawn through
cartridges filled with 1 mg of Tenax® and 1 mg of Carbotrap®
activated charcoal for 30 min. Control samples were collected at
the same time as samples from the flowers.
As a qualitative test to determine when scent production
begins, the scent of a single freshly excised inflorescence was
determined by the human nose at 5 min intervals between 17:30
and 18:30.
Scent samples were thermally desorbed and analysed using a
Varian CP-3800 GC (Varian, Palo Alto, California) with a
30 m×0.25 mm internal diameter (film thickness 0.25 µm)
Alltech EC-WAX column coupled to a Varian 1200 quadrupole
mass spectrometer as described in detail by (Shuttleworth and
Johnson, 2009).
To locate the osmophores, flowers were stained in a 0.5%
aqueous neutral red solution for 30 min (Kearns and Inouye, 1993).
2.5. Pollen transfer efficiency
One flower from each of 59 inflorescences was collected
randomly and scored for the number of pollinia removed as well
as the number of massulae deposited on the two stigmas. The
number ofmassulae per polliniumwas determined for 16 pollinia,
each from a different flower. Pollen transfer efficiency (PTE) was
calculated using the equations of Johnson et al. (2005).
2.6. Nectar
To measure nectar volume and concentration, the tip of the
nectar spur was excised with a razor blade and the nectar carefully
squeezed out of the spur. The nectar was collected using a 20 µl
micropipette. The volume of nectar was determined bymeasuring
the length of the nectar column relative to the length of thecalibrated portion of the micropipette. Nectar concentration was
determined with an Atago 0–50% refractometer. Nectar volume




Moths representing five species of Sphingidae (16 individuals)
and one species of Noctuidae (13 individuals) were collected
visiting the flowers of H. epipactidea or at the light trap in the
vicinity of the flowers (Table 1; Fig. 1C). With the exception of a
single individual ofCucullia extricata (Noctuidae) all individuals
collected carrying pollinaria of H. epipactidea were hawkmoths
(Table 1; Fig. 1C[2]). Only low numbers (one to three individuals)
of each species were captured with the exception of Hippotion
celerio (nine individuals) and Cucullia extricata (13 individuals),
with a maximum of two individuals per species found to be
carrying pollinaria.
3.2. Pollinator behaviour
In all cases observed, the hawkmoths approach and hover in
front of an inflorescence and insert their proboscides into the spur
of a flower (Fig. 1B). Although not timed, visits to individual
flowers are brief, lasting only a few seconds. A number of flowers
may be probed per inflorescence, extending the visit to an
inflorescence up to half a min, and in some cases moths were seen
to re-probe one or more flowers. Hawkmoths frequently moved
on to nearby inflorescences to continue their foraging in a loca-
lised patch of plants.
While hovering in front of the flowers, the moths were
observed to bring their forelegs forwards to grapple the flower,
presumably to stabilise the insect while feeding. As described
by Vogel (1954), it seem likely that the large, waxy, triangular
rostellum plays an important role in the deposition of pollinaria
as the sides of the rostellum slope down to end in a notch on
either side which houses the viscidia. There is no evidence of
active pollinarium reconfiguration following removal from the
Fig. 1. (A) Colour reconstruction of Vogel's (1954) original plate (insert) showing I) an inflorescence ofHabenaria epipactidea, II) details of a single flower (Sp— spur,
L— labellum, St— stigmatic lobes, G— viscidium [“glandulae”] and R— rostellum) and III) an individual of Basiotha medea bearing pollinaria on its forelegs. (B) An
individual ofOligographa juniperi visiting an inflorescence ofH. epipactidea. (C) Insects collected visiting flowers ofH. epipactidea include 1)Agriuis convolvuli, a nectar
thief with a long tongue and which does not carry pollinaria, as well as various other shorter-tongued species which do bear pollinaria including 2) Cucullia extricata
(Noctuidae) and the hawkmoth species 3) Basiotha medea, 4) Hippotion celerio, 5) Basiotha schenki and 6) Oligographa juniperi. Bar: 1 cm.
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cases the pollinaria are attached to the tarsi of the forelegs of
both the hawkmoths as well as the one individual of Cucullia
extricata bearing pollinaria.Hawkmoth activity was highest at dusk with one moth seen
visiting inflorescences while the sun was still above the horizon.
Hawkmoth activity decreased after dark although this was not
quantified.
Fig. 2. Total scent production by two individual inflorescences of Habenaria
epipactidea between midday and midnight.
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became a more frequent visitor to the inflorescences. These moths
alight on the inflorescences and appeared to spend longer times
visiting relatively few flowers per inflorescence. Only one out of
thirteen individuals of these moths captured was carrying a
pollinarium.
3.3. Spur and tongue lengths
The average spur length in individuals of Habenaria
epipactidea at the study site is 29.5 mm (SE=0.4; Table 1).
Most of the moths carrying pollinaria had tongues longer than
this, ranging from 31.0 mm to 41.8 mm. The hawkmoth Agrius
convolvuli, one of which was caught visiting the flowers but not
bearing a pollinarium, has a 75.5 mm tongue.
3.4. Scent
Scent production by the flowers was effectively absent at
midday and late afternoon. However, by 20:00 scent production
had peaked, before declining again by 23:00 (Fig. 2). Qualita-
tively, scent production of a single excised inflorescence was
undetectable to the human nose at 18:10, but was strongly scented
when checked again at 18:15.
The scent ofH. epipactidea is dominated by methyl benzoate,
which makes up 99% of the volatile compounds emitted by the
flowers at 19:30 (Table 2). Benzaldehyde and benzyl alcohol are
also produced by the flowers and make up a relatively large
proportion of the flower scent during the day and in the early
evening.
The labellum and the petals stained pink in the presence of
neutral red indicating the site of the osmophores in this species
(Fig. 3). As with many other orchids, the metabolically active,
glandular stigma stains strongly with neutral red and we can not
preclude this as a site of scent production although this seems
unlikely.Table 2
Volatile emissions from inflorescences at different times between midday and midn
Inflorescence 1
12:30 17:00 19:30 2
Benzaldehyde 3.40 2.58 25.53 1
(11.4) (9.8) (0.1) (
Methyl benzoate 13.81 19.40 20310.47 1
(46.1) (73.6) (99.6) (
Benzylacetate 0.00 0.00 1.01 1
(0) (0) (0.005) (
Benzyl Alcohol 12.08 3.87 32.49 9
(40.3) (14.7) (0.2) (
Phenylethyl Alcohol 0.65 0.52 0
(2.2) (2.0) – (
Benzothiazole 0.00 0.00 1.22 0
(0) (0) (0.006) (
Benzyl Benzoate 0.00 0.00 12.31 3
(0) (0) (0.1) (
Values are nanograms per half hour, with percentage of total emission in parenthesi3.5. Pollen transfer efficiency
Visitation rates to these flowers were high, with 93% of the
59 flowers examined showing evidence of being visited. Ninety
percent of flowers had at least one pollinarium removed and of
these, 81% had both pollinaria removed. Similarly, the rate of
pollen deposition was high with 78% of flower having pollen
deposited on at least one stigmatic lobe and, of these, 78% had
massulae deposited on both stigmatic lobes.
Despite these high rates of visitation, pollen transfer efficiency
was low, with only 8.4% of removed massulae subsequently
deposited on stigmas in this population.3.6. Nectar
The average nectar volumewas 3.4 µl (SE=0.7; range=1.3 µl
to 10.0 µl; n=12) and the average concentration was 27.9%
(SE=2.4; range=10 to 35%; n=9).ight.
Inflorescence 2
2:30 13:00 17:30 20:00 23:00
9.63 4.99 7.46 10.53 2.53
0.2) (18.7) (3.8) (0.1) (1.5)
1369.33 14.24 181.64 8260.35 161.17
98.7) (53.20) (93.5) (99.2) (97.2)
.73 0.00 0.00 1.15 0.00
0.02) (0) (0) (0.01) (0)
4.27 6.38 5.09 47.57 1.86
0.8) (23.8) (2.6) (0.6) (1.1)
.17 0.84 0.00 0.21
0.001) (3.1) (0.002) – (0.1)
.35 0.00 0.00 0.00
0.003) (0) (0) – (0)
6.60 0.31 0.03 9.68 0.00
0.3) (1.2) (0.02) (0.1) (0)
s.
Fig. 3. Unstained flower of Habenaria epipactidea (A) and a flower that has
been stained for 30 min in 0.5% neutral red to identify the sites of the
osmophores (B). Bar: 5 mm.
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Our observations confirm those of Vogel (1954) that the
pollinaria are deposited on the tarsi of the forelegs of the
pollinating hawkmoths, presumably as the insect uses its limbs to
stabilise itself while hovering and feeding on nectar. To our
knowledge this is the only known case of pollinaria placement on
the legs of moths, although pollinaria placement on the legs of
visiting hymenopterans is well-documented in genera such as
Corycium, Disperis and Disa (Steiner et al., 1994; Johnson et al.,
1998; Johnson, 2005; Pauw, 2006).
Five different species of hawkmoth were captured at the study
population, and appear to remove most of the pollinaria from the
flowers each night. This may explain the many hawkmoths we
caught visiting the flowers which did not bear any pollinaria.
Despite this the efficiency of these pollinators is relatively low,
with only 8.4% of removed massulae subsequently deposited on
stigmas. Although low, this compares favourably with pollination
efficiency in Disa cooperi (6.3%), an orchid pollinated by some
of the same hawkmoth species as H. epipactidea but employing
proboscide placement of its pollinaria (Johnson et al., 2005). The
pollen transfer efficiency in H. epipactidea is comparable to that
reported for many hawkmoth-pollinated orchids in the sub-family
Orchidoideae (4.6–12.7%), but substantially lower than that
reported for hawkmoth-pollinated species in the Epidendroideae
(23.4–56.2%; Harder and Johnson, 2008).
In most cited examples of plants pollinated by long-tongued
animals (including moths), selection apparently favours spur or
tube lengths that are longer than the tongues of the pollinating
insects, encouraging deep probing by the insects which, in turn,
ensures contact between the insect and reproductive organs of the
flowers (Darwin, 1867; Nilsson, 1998; Whittall and Hodges,
2007). In H. epipactidea, the spur is shorter than the tongues of
most of the pollinating moths, as the extended forelegs in front of
the probing moth decrease the functional length of the moth's
tongue. Despite this, even relatively short-tongued hawkmoths
such as Basiothia medea successfully remove pollinaria from the
flower. Long-tongued hawkmoths, notably Agrius convolvuli,
which are common in the vicinity of this site, have sufficiently
long tongues to remove nectar from the flowers without removing
the pollinaria by touching the flower with their front legs. These
moths are thus likely to act as nectar thieves in this system (cf.
Coombs and Peter, 2009-this issue).
The behaviour of the hawkmoths reaching out to the flower to
stabilise themselves while feeding has been observed in a
number of South African and Swedish hawkmoth species while
visiting flowers (S.D. Johnson pers. obs.) and is probably
widespread in the Sphingidae. This behaviour is likely to explain
the intricate petals found in many orchids such Bonatea species
and a number ofHabenaria species such asH. clavatawhere the
petals serve to physically orientate the hovering pollinators
(Johnson and Liltved, 1997). However, in most of these
hawkmoth-pollinated species, pollinaria are typically deposited
on either the eyes or proboscides of the insects and not the legs as
in H. epipactidea.
Crepuscular behaviour of hawkmoths seems to be common
in this family (Martins and Johnson, 2007; Raguso et al., 2007;C.I. Peter, pers obs, Grahamstown) but none of these studies
has documented hawkmoth activity throughout the night, at
least not after about midnight. Crepuscular scent production of
H. epipactidea coincides with observed crepuscular activity of
the moths (cf. Hoballah et al., 2005) but it remains to be seen
how hawkmoth behaviour fluctuates through the night and
particularly if there is a second period of flower visiting before
dawn.
The scent of H. epipactidea consists entirely of aromatic
compounds and is dominated by a single compound, methyl
benzoate (Table 2; Fig. 2). Methyl benzoate is an important
constituent of the floral odour of many hawkmoth-pollinated
plants, with numerous examples from plants around the world
(Kaiser, 1993; Knudsen and Tollsten, 1993; Manning and
Snijman, 2002; Raguso et al., 2003; Schlumpberger and Raguso,
2008) although few of these examples have scents that are
effectively pure methyl benzoate as is the case in H. epipactidea.
Methyl benzoate is also a constituent of the scents of some plants
pollinated by settling moths (Knudsen and Tollsten, 1993).
Methyl benzoate has been shown to elicit strong antennal
responses in two new world hawkmoth species, Menduca sexta
(Hoballah et al., 2005) and Hyles lineata (Raguso, 1996),
underscoring the physiological basis of this attraction as
determined by electroantennographic studies.
Acknowledgements
We thank other members of the 2008 Botany 202 class of
Rhodes University, Department of Botany for assistance in the
field. Fred Gess and Martin Kruger helped with the identifica-
tion of the Noctuid moth and we are grateful to Susi Vetter for
assistance with translating the relevant sections of Stefan
Vogel's book. Rhodes University JRC provided the funding.
John Manning is thanked for his detailed comments on the
manuscript.
750 C.I. Peter et al. / South African Journal of Botany 75 (2009) 744–750References
Alexandersson, R., Johnson, S.D., 2002. Pollinator mediated selection on
flower-tube length in a hawkmoth-pollinated Gladiolus (Iridaceae).
Proceedings of the Royal Society B 269, 631–636.
Coombs, G., Peter, C.I., 2009. Do floral traits of Strelitzia reginae limit nectar
theft by sunbirds? South African Journal of Botany 75, 751–756 (this issue).
Darwin,C., 1867.On the various contrivances bywhichBritish and foreign orchids
are fertilised by insects and on the good effects of intercrossing. John Murray,
London.
Dressler, R.L., 1993. Phylogeny and classification of the orchid family. Cambridge
University Press, Melbourne.
Faegri, K., Van der Pijl, L., 1966. The principles of pollination ecology. Pergamon
Press, Toronton.
Harder, L.D., Johnson, S.D., 2008. Function and evolution of aggregated pollen
in angiosperms. International Journal of Plant Sciences 169, 59–78.
Hoballah, M.E., Stuurman, J., Turlings, T.C.J., Guerin, P.M., Connétable, S.,
Kuhlemeier, C., 2005. The composition and timing of flower odour emission
by wild Petunia axillaris coincide with the antennal perception and
nocturnal activity of the pollinator Manduca sexta. Planta 222, 141–150.
Johnson, S.D., 2005. Specialized pollination by spider-hunting wasps in the
African orchid Disa sankeyi. Plant Systematics and Evolution 251,
153–160.
Johnson, S.D., Liltved, W.R., 1997. Hawkmoth pollination of Bonatea speciosa
(Orchidaceae) in a South African coastal forest. Nordic Journal of Botany
17, 5–10.
Johnson, S.D., Linder, H.P., Steiner, K.E., 1998. Phylogeny and radiation of
pollination systems in Disa (Orchidaceae). American Journal of Botany 85,
402–411.
Johnson, S.D.,Neal, P.R., Peter, C.I., Edwards, T.J., 2004. Fruiting failure and limited
recruitment in remnant populations of the hawkmoth-pollinated tree Oxyanthus
pyriformis subsp pyriformis (Rubiaceae). Biological Conservation 120, 31–39.
Johnson, S.D., Neal, P.R., Harder, L.D., 2005. Pollen fates and the limits on
male reproductive success in an orchid population. Biological Journal of the
Linnean Society 86, 175–190.
Kaiser, R., 1993. The scent of orchids. Elsevier, Amsterdam.
Kearns, C.A., Inouye, D.W., 1993. Techniques for Pollination Biologists.
University Press of Colorado, Niwot.
Knudsen, J.T., Tollsten, L., 1993. Trends in floral scent chemistry in pollination
syndromes: floral scent composition in moth-pollinated taxa. Botanical
Journal of the Linnean Society 113, 263–284.
Linder, H.P., Kurzweil, H., 1999. Orchids of Southern Africa. A.A. Balkema,
Rotterdam.
Luyt, R., Johnson, S.D., 2001. Hawkmoth pollination of the African epiphytic
orchid Mystacidium venosum, with special reference to flower and pollen
longevity. Plant Systematics and Evolution 228, 49–62.
Manning, J.C., Snijman, D., 2002. Hawkmoth-pollination in Crinum variabile
(Amaryllidaceae) and the biogeography of sphingophily in southern African
Amaryllidaceae. South African Journal of Botany 68, 212–216.
Martins, D.J., Johnson, S.D., 2007. Hawkmoth pollination of aerangoid orchids
in Kenya, with special reference to nectar sugar concentration gradients in
the floral spurs. American Journal of Botany 94, 650–659.
Mucina, L., Rutherford, M.C., 2006. The vegetation of South Africa, Lesotho and
Swaziland. In: Strelitzia, 19. South African National Biodiversity Institute,
Pretoria.
Nilsson, L.A., 1978. Pollination ecology and adaptation in Plantanthera chlorantha
(Orchidaceae). Botaniska Notiser 131, 35–51.
Nilsson, L.A., 1979. The pollination ecology of Herminium monorchis
(Orchidaceae). Botaniska Notiser 132, 537–550.
Nilsson, L.A., 1998. Deep flowers for long tongues. Trends in Ecology and
Evolution 13, 259–260.
Nilsson, L.A., Jonsson, L., 1985. The pollination specialization of Habenaria
decaryana H. Perr. (Orchidaceae) in Madagascar. Bulletin du Museum
National d'Histoire Naturelle, Section B, Adansonia Botanique Phyto-
chemie 2, 161–166.Nilsson, L.A., Rabakonandrianina, E., 1988. Hawk-moth scale analysis and
pollination specialization in the epilithic Malagasy endemic Aerangis ellisii
(Reichenb. fil.) Schltr. (Orchidaceae). Botanical Journal of the Linnean
Society 97, 49–61.
Nilsson, L.A., Jonsson, L., Rolison, L., Randrianjohany, E., 1987. Angraecoid
orchids and hawkmoths in central Madagascar: specialized pollination systems
and generalist foragers. Biotropica 19, 310–318.
Nilsson, L.A., Rabakonandrianina, E., Razananaivo, R., Randriamanindry, J.J., 1992.
Long pollinia on eyes: hawk-moth pollination of Cynorkis uniflora Lindley
(Orchidaceae) in Madagascar. Botanical Journal of the Linnean Society 109,
145–160.
Pauw, A., 2006. Floral syndromes accurately predict pollination by a specialized
oil-collecting bee (Rediviva peringueyi, Melittidae) in a guild of South
African orchids (Coryciinae). American Journal of Botany 93, 917–926.
Peter, C.I., 2009. Pollinators, floral deception and evolutionary processes in Eulophia
(Orchidaceae) and its allies. PhD Thesis, University of KwaZulu-Natal.
Peter, C.I., Johnson, S.D., 2006. Doing the twist: a test of Darwin's cross-
pollination hypothesis for pollinarium reconfiguration. Biology Letters 2,
65–68.
Proctor, M., Yeo, P., Lack, A., 1996. The Natural History of Pollination. Timber
Press, Portland.
Raguso, R.A., 1996. Electroantennogram responses of Hyles lineata (sphingi-
dae: lepidoptera) to volatile compounds from Clarkia breweri (onagraceae)
and other moth-pollinated flowers. Journal of Chemical Ecology 22,
1735–1766.
Raguso, R.A., Levin, R.A., Foose, S.E., Holmberg, M.W., McDade, L.A., 2003.
Fragrance chemistry, nocturnal rhythms and pollination “syndromes” in
Nicotiana. Phytochemistry 63, 265–284.
Raguso, R.A., Kelber, A., Pfaff, M., Levin, R.A., McDade, L.A., 2007. Floral
biology of North American Oenothera sect. Lavauxia (Onagraceae):
advertisements, rewards, and extreme variation in floral depth. Annals of
the Missouri Botanical Garden 94, 236–257.
Schlumpberger, B.O., Raguso, R.A., 2008. Geographic variation in floral scent
of Echinopsis ancistrophora (Cactaceae); evidence for constraints on
hawkmoth attraction. Oikos 117, 801–814.
Shuttleworth, A., Johnson, S.D., 2009. A key role for floral scent in a wasp-
pollination system in Eucomis (Hyacinthaceae). Annals of Botany 103,
715–725.
Singer, R.B., 2001. Pollination biology of Habenaria parviflora (Orchidaceae:
Habenariinae) in southeastern Brazil. Darwiniana 39, 201–207.
Singer, R.B., Cocucci, A.A., 1997. Eye attached hemipollinaria in the hawkmoth
and settling moth pollination of Habenaria (Orchidaceae): a study on
functional morphology in 5 species from subtropical South America. Botanica
Acta 110, 328–337.
Singer, R.B., Breier, T.B., Flach, A., Farias-Singer, R., 2007. The pollination
mechanism of Habenaria pleiophylla Hoehne & Schlechter (Orchidaceae:
Orchidinae). Functional Ecosystems and Communities 1, 10–14.
Steiner, K.E., Whitehead, V.B., Johnson, S.D., 1994. Floral and pollinator
divergence in two sexually deceptive South African orchids. American Journal
of Botany 81, 185–194.
Thien, L.B., Utech, F., 1970. The mode of pollination in Habenaria obtusata
(Orchidaceae). American Journal of Botany 57, 1031–1035.
VanderCingel,N.A., 1995.Anatlas of orchid pollination.A.A.Balkema,Rotterdam.
Van der Cingel, N.A., 2001. An atlas of orchid pollination: America, Africa,
Asia and Australia. A.A. Balkema, Rotterdam.
Van der Pijl, L., 1961. Ecological aspects of flower evolution. II. Zoophilous
flower classes. Evolution 15, 44–59.
Vogel, S., 1954. Blütenbiologische typen als elemente der sippengliederung.
Veb Gustav Fischer Verlag, Jena.
Wasserthal, L.T., Wasserthal, L.T., 1997. The pollinators of the malagasy star
orchids Angraecum sesquipedale, A. sororium and A. compactum and the
evolution of extremely long spurs by pollinator shift. Botanica Acta 110,
343–359.
Whittall, J.B., Hodges, S.A., 2007. Pollinator shifts drive increasingly long nectar
spurs in columbine flowers. Nature 447, 706–709.Edited by JC Manning
